INTRODUCTION
Type 1 diabetes is characterized by a gradual loss of β-cell mass and function. In recent years, islet transplantation has become a promising therapeutic approach for type 1 diabetic patients (1) . Long-term insulin independence requires large quantities of islet infusions. However, chronic loss of islet grafts is still an unsolved hurdle for clinical islet transplantation (2, 3) . Vulnerable islets are susceptible to the injuries caused by the hypoxia, various immunological damages, the extent of islet revascularization and other factors, which lead to poor engraftment after the procedure (3, 4) . Several studies reported that inflammatory cytokines, including IL-1β, TNF-α and IFN-γ released in the aforementioned pathological processes may account for the graft loss and dysfunction in islet transplantation (5, 6) . Therefore, more effective control of cytokine-induced damage to islet engraftment for achieving prolonged maintenance of islet grafts has been suggested.
Regenerating gene (Reg) family proteins (REGs) were first identified as secretory proteins in the pancreatic juice of rats with induced acute pancreatitis (7) , and have been proven to be a multifunctional factor involved in cell proliferation or differentiation (8) . Although the members of this family contain a similar C-type lectin-like domain in the sequence, the suggested function of the various REGs are startlingly diverse (8) .
As one Reg family protein, regenerating
The process of islet transplantation for treating type 1 diabetes has been limited by the high level of graft failure. This may be overcome by locally delivering trophic factors to enhance engraftment. Regenerating islet-derived protein 3α (Reg3α) is a pancreatic secretory protein which functions as an antimicrobial peptide in control of inflammation and cell proliferation. In this study, to investigate whether Reg3α could improve islet engraftment, a marginal mass of syngeneic islets pretransduced with adenoviruses expressing Reg3α or control EGFP were transplanted under the renal capsule of streptozotocin-induced diabetic mice. Mice receiving islets with elevated Reg3α production exhibited significantly lower blood glucose levels (9.057 ± 0.59 mmol/L versus 13.48 ± 0.35 mmol/L, P < 0.05) and improved glucose-stimulated insulin secretion (1.80 ± 0.17 ng/mL versus 1.16 ± 0.16 ng/mL, P < 0.05) compared with the control group. The decline of apoptotic events (0.57% ± 0.15% versus 1.06% ± 0.07%, P < 0.05) and increased β-cell proliferation (0.70% ± 0.10% versus 0.36% ± 0.14%, P < 0.05) were confirmed in islet grafts overexpressing Reg3α by morphometric analysis. Further experiments showed that Reg3α production dramatically protected cultured islets and pancreatic β cells from cytokine-induced apoptosis and the impairment of glucose-stimulated insulin secretion. Moreover, exposure to cytokines led to the activation of MAPKs in pancreatic β cells, which was reversed by Reg3α overexpression in contrast to control group. These results strongly suggest that Reg3α could enhance islet engraftments through its cytoprotective effect and advance the therapeutic efficacy of islet transplantation. islet-derived protein 3α (Reg3α), also named hepatocarcinoma-intestinepancreas/pancreatitis-associated protein (HIP/PAP), has been found to affect biological activities in multiple organs (9) (10) (11) . In the pancreas, Reg3α has been observed to express in the acinar epithelium and in non β cells in islets (12, 13) , which has been shown to protect pancreatic acinar cells both in vitro (14) and in vivo (15) . Meanwhile, growing evidence links Reg3α and other Reg proteins to the regeneration of not only exocrine but also of the endocrine tissue of the pancreas (8) . Increased Reg3α expression also was detected in the cadaver islets with type 2 diabetic individuals (16) and islets from pregnant rats, both processes associated with elevated islet mass (17) , indicating that Reg3α may influence islet regeneration and β-cell proliferation.
Therefore, with respect to the potential impact of Reg3α on pancreatic islets and the fact that Reg3α plays an important role in tissue regeneration and inflammation, we hypothesized that elevated Reg3α production locally in islet grafts would protect islets from inflammatory cytokine-induced apoptosis, contribute to improved preservation of islet mass and better glycemic control in transplants. To elucidate the effect of Reg3α on islet survival and function during transplantation, a mouse model of syngeneic marginal islet mass transplantation was used in this study. Further investigation of the possible underlying mechanisms also was carried out in cultured islets and a murine pancreatic β-cell line INS-1.
MATERIALS AND METHODS

Vector
The plasmid vector pcDNA3. 
Animal Studies
Adult male Sprague Dawley rats (Slac, Shanghai, China) were induced with diabetes using bolus streptozotocin (SigmaAldrich, St Louis, MO, USA) treatment with a single dose of 70 mg/kg as described previously (3, 18) . With nonfasting blood glucose concentrations measuring greater than 16.7 mmol/L for three consecutive days, these rats were killed for pancreas morphometric analysis.
Male eight-week-old inbred BALB/c mice (Slac) were used in this experiment as donors and recipients. Diabetes was induced by intraperitoneal injections of streptozotocin (Sigma-Aldrich) at one dose of 200 mg/kg as described previously (3, 18) . With nonfasting blood glucose concentrations measuring greater than 16.7 mmol/L for three consecutive days, these mice were randomly assigned to three groups for transplantation. Islets were isolated and cultured using a previously described procedure (18) . Aliquots of islets (n = 150) were mock treated with PBS buffer or incubated with Reg3α or EGFP vector at a defined multiplicity of infection (MOI, 100 pfu/cell, 1000 cell/islet) at 37° C, 5% CO 2 for 16 h, followed by transplantation under the renal capsule (Reg3α, n = 11; EGFP, n = 9; mock, n = 7) using the established procedure (3, 18) . After transplantation, the food intake and body weight were recorded. Blood glucose was monitored randomly every five days using AccuChek (Roche, Mannheim, Germany). At 30 d after transplantation, nephrectomy was performed. The blood glucose levels were recorded for another 3 d.
Animals were maintained in a 12-h light-dark cycle at a temperature of 23°C with free access to water and regular chow diet. All animal experiments were carried out in accordance with the Guide for the Care and Use of Laboratory Animals (19) and permitted by the Institutional Animal Care and Usage Committee of Nanjing Medical University.
Intraperitoneal Glucose Tolerance Test (IPGTT) and Glucose-Stimulated Insulin Release
Mice were fasted for 6 h and intraperitoneally injected with 3 g/kg body weight of glucose. Blood glucose levels were measured at 0, 15, 30, 60, 120 min after glucose loaded. Area under curve (AUC) of IPGTT was calculated to compare the differences among each group. During IPGTT, aliquots (20 μL) of blood samples before and 30 min after glucose infusion were collected from tail vein, and serum insulin levels were measured by mouse insulin ELISA kit (Millipore, Darmstadt, Germany) following its protocol.
Morphometric Analysis
Harvested rat pancreata were fixed and embedded for immunostaining. Paraffin sections were immunostained with rabbit anti-glucagon (1:100, SAB4501137; Sigma-Aldrich) or goat antiReg3α (1:100, sc-50969; Santa Cruz Biotechnology, Santa Cruz, CA, USA) primary antibodies.
After nephrectomy under nonfasting conditions, pancreatic islet graft-bearing kidneys were fixed and embedded for immunohistochemistry and immunofluorescence as described previously (20, 21) . For morphology analysis, hematoxylin and eosin (H&E) staining was used. Paraffin sections were also immunostained with rabbit anti-insulin (1:100, 4590S; Cell Signaling Technology, Danvers, MA, USA) or goat anti-Ki-67 (1:100, sc-7846; Santa Cruz) primary antibodies. β-cell apoptosis in islet grafts was confirmed by the terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay with an in situ death detection kit (Roche). The pancreatic β-cell proliferative and apoptotic ratio in grafts were calculated as the number of Ki-67/ insulin or TUNEL/ insulin double-staining cells divided by the number of insulin-positive cells in the insulin-positive region of interest, respectively. For vessel analysis, insulin/ lectin (1:50, FL-1201, Vector Laboratories Inc., Burlington, Ontario, Canada) double staining was used to visualize blood vessels in interested areas. The vessel density was calculated as described in legends.
For TUNEL staining of cultured islets, aliquots of isolated mouse islets (n = 50) either mock treated with PBS or transduced with Reg3α or EGFP vector for 16 h were incubated in the presence or absence of the inflammatory cytokine cocktail (5 ng/mL human IL-β, 30 ng/mL TNF-α, and 30 ng/mL IFN-γ; R&D Systems, Abingdon, UK) for 24 h. Cytokineinduced islet cell apoptosis was confirmed by the TUNEL assay as mentioned above. The apoptotic ratio was calculated as the number of TUNEL-positive staining nuclei adjusted for areas in each islet.
In each morphological analysis, three nonconsecutive sections were viewed under microscope (DP70, Olympus, Tokyo, Japan) or confocal microscope (FV1000, Olympus).
Glucose-Stimulated Insulin Secretion (GSIS)
Isolated mouse islets either mock treated with PBS or transduced with Reg3α or EGFP vector were plated in 24-well plates (10 islets per well). Apoptosis was induced by cytokine cocktail (5 ng/mL human IL-β, 30 ng/mL TNF-α and 30 ng/mL IFN-γ) treatment for 24 h. After being preincubated in glucose-free Krebs-Ringer bicarbonate (KRB), the islets were treated with KRB containing 5 mmol/L glucose for 1 h, and followed for another 1 h in the presence of 25 mmol/L glucose KRB. The insulin concentrations in collected supernatants were measured by ELISA kit as mentioned above.
Cell Culture, Cell Viability and Reactive Oxygen Species (ROS) Detection
Rat insulin-secreting cell line INS-1 (passage 15-30) was cultured as described previously (22) . The pcDNA3.1-Reg3α and control pcDNA3.1 vectors were transfected using X-tremeGENE transfection reagents (Roche Diagnostics) according to the manufacturer's instructions. The expression of Reg3α was determined in both culture media and cell lysate to confirm the efficacy of transfection. After 24 h, INS-1 cells were incubated in the presence or absence of cytokine cocktail as mentioned above for another 24 h. Then the cell viability was determined by the MTT reduction conversion assay, Annexin V/PI staining and flow cytometry analysis as described previously (23, 24) . The ROS generation was detected using commercial kits (Beyotime, Shanghai, China) following the protocol as described previously (25) .
Western Blotting
After different treatments, the proteins in the conditioned media and lysate of isolated islets and INS-1 cells were subjected to SDS-PAGE and blotted onto PVDF membranes. The proteins were probed with primary antibodies against Reg3α (1:500, AF3907; R&D), caspase-3 (1:1000, 9665S; Cell Signaling Technology), Bcl-2 (1:1000, 2876S; Cell Signaling Technology), PCNA (1:1000, BS1289; Bioworld Technology Inc. St. Louis Park, MN, USA), p27KIP1 (1:500, SAB4500068; Sigma-Aldrich), Pdx-1 (1:2000, ab47267; Abcam, Cambridge, UK), MafA (1:800, sc-27140; Santa Cruz), phosphorylated Thr202/Tyr204-p44/42 MAPK (Erk1/2) (1:1000, BS5016; Bioworld) and total p44/42 MAPK (Erk1/2) (1:1000, BS3627; Bioworld), phosphorylated Thr180/ Tyr182-p38 MAPK (1:1000, 9211S; Cell Signaling Technology) and total p38 MAPK (1:1000, 9212S; Cell Signaling Technology), phosphorylated Thr183/ Tyr185-JNK (1:1000, BS4322; Bioworld) and total JNK (1:1000, AP0370; Bioworld), GAPDH (1:5000, AP0063; Bioworld) and tubulin (1:10000, PA1-41331; Thermo Fisher Scientific), followed by incubation with HRPconjugated secondary antibodies for analyze as described previously (26) .
Statistics
Data are expressed as mean ± SEM. Comparisons between two groups were assessed by Student t test, or one-way ANOVA, then Tukey multiple-comparison posttest was performed for statistical analysis of multiple groups. P values <0.05 were considered statistically significant.
All supplementary materials are available online at www.molmed.org. , although a rapid decrease of blood glucose was observed in all recipients after islet transplantation, diabetic mice transplanted with Reg3α-transduced islets had lower random blood glucose (RBG) levels (9.057 ± 0.59 mmol/L) in comparison with that in diabetic mice receiving the same number of islets pretransduced with EGFP vector (13.48 ± 0.35 mmol/L) or mock-treated islets (13.43 ± 2.01 mmol/L, Figure 1A ). No detectable differences were found in RBG levels between EGFP and the mock group (see Figure 1A) Figures 2B, C) . Accordingly, we found that diabetic mice receiving Reg3α-transduced islets had relatively higher plasma insulin levels (0.92 ± 0.12 ng/mL versus 0.67 ± 0.06 ng/mL in the EGFP group, P < 0.05; versus 0.72 ± 0.08 ng/mL in the mock group, P = 0.13, Figure 1D ) under fasting conditions. Furthermore, 30 min after glucose (3 g/kg) was administrated to the mice, glucose-stimulated plasma insulin levels were increased significantly in Reg3α-transduced mice in comparison with control EGFP vector and mocktreated group (1.80 ± 0.17 ng/mL versus 1.16 ± 0.16 ng/mL in EGFP group, P < 0.05; versus 1.26 ± 0.10 ng/mL in mock group, P < 0.05, see Figure 1D ). Similar results also were observed at d 30 after transplantation (Supplemental Figure 2D) . The effect of Reg3α production on islet grafts also was illustrated with morphometric analysis. The retrieved graftbearing kidneys were embedded and sectioned followed by H&E staining and immunohistochemical staining using an insulin antibody. There were no obvious differences in morphology of grafts among each group 30 d after transplantation, but optical density of insulin staining in Reg3α group was increased significantly compared with EGFP or mock group (Figures 2A, D) .
RESULTS
Reg3α Production in Islet Grafts
At 30 d after transplantation, an immediate recurrence of severe hyperglycemia could be detected in all diabetic mice after removing the islet grafts by unilateral nephrectomy. No significant differences in blood glucose levels were detected among Reg3α, EGFP and mock group (see Figure 1A) , suggesting that islet grafts were the major responsible factors for the glycemic control in all recipients.
Reg3α Production in Islet Grafts Preserved Functional Islet Mass by Influencing β-Cell Apoptosis and Replication
TUNEL assay and Ki-67 immunofluorescence staining were performed to detect β-cell apoptosis and replication rates in grafts, respectively. The apoptotic rate was reduced by about 50% in Reg3α group versus EGFP or mock group (0.57% ± 0.15% in Reg3α, 1.06% ± 0.07% in EGFP, P < 0.05; 1.16% ± 0.11% mock group, P < 0.05, Figures 2B, E) , while β-cell replication in Reg3α group was almost two-fold higher than EGFP group (0.70% ± 0.10% in Reg3α, 0.36% ± 0.14% in EGFP group, P < 0.05; 0.45% ± 0.06 in mock group, P = 0.07, Figures 2C, F) .
Reg3α Production Protected Primary Cultured Islets from Cytokine-Induced Damage
Islets pretransduced by Reg3α or control EGFP vector or receiving mock treatment were incubated in the presence/ absence of the inflammatory cytokine cocktail (IL-β, TNF-α and IFN-γ) for 24 h, five-to six-fold of apoptotic cells could be observed in cytokine-treated islets compared with normal cultured islets (5.36 ± 0.84-fold in cytokine-treated mock group, Figures 3A, B) . However, TUNEL staining showed that there were lower numbers of apoptotic cells in Reg3α-transduced islets than in control EGFP-transduced islets and normal cultured islets under cytokine stimulation (3.42 ± 0.58-fold in Reg3α-transduced, 6.84 ± 1.10-fold in EGFP group, P < 0.05; 5.36 ± 0.84-fold in mock group, P < 0.05, see Figures 3A, B) .
Afterward, measurement of GSIS in primary cultured mouse islets after 24 h cytokine (IL-1β) treatment revealed that although cytokine-injured insulin secretion was decreased compared with normal cultured islets (2.78 ± 0.16 ng and 5.23 ± 0.33 ng, respectively, P < 0.05), Reg3α production significantly restored cytokineinduced impairment of GSIS in response to 25 mmol/L glucose stimulation (4.64 ± 1.05 ng in Reg3α, 2.78 ± 0.16 ng in EGFP group, P < 0.05; 2.78 ± 0.2 ng in mock group, P < 0.05, Figure 3C ). Interestingly, without cytokine treatment, Reg3α production also helped to increase GSIS compared with control and EGFP vector-treated islets, although the differences did not quite achieve significance (see Figure 3C ).
Reg3α Production Attenuated Pancreatic β-Cell Injury Induced by Cytokines
Plasmid vector pcDNA3.1-Reg3α and control vector were prepared and used in this experiment to overexpress Reg3α in the INS-1 cell line ( Supplemental Figure 1E) . To investigate whether Reg3α production had a similar protective effect on insulin-secreting cell lines such as primary cultured islets, cell viability of INS-1 cells with different treatments was measured by MTT assay. Reg3α production could restore cytokineinduced impairment significantly in cell represent the means ± SEM, *P < 0.05 denoted significance between Reg3α (n = 11) and EGFP (n = 9) or Mock (n = 7) group.
viability compared with pcDNA3.1-transfected INS-1 cells (0.5 ± 0.03 and 0.31 ± 0.03, respectively, P < 0.05, Figure  4A ). Interestingly, in the absence of cytokines, Reg3α production also increased cell viability slightly compared with pcDNA3.1-transfected and normal INS-1 cells (see Figure 4A ). Furthermore, Annexin V/PI staining and flow cytometry analysis were performed. The early apoptotic cells were identified by direct visualization of the green fluorescencelabeled Annexin V staining and the red fluorescence-labeled PI staining was performed simultaneously to distinguish between the late apoptotic and necrotic cells. Results showed that Reg3α production in INS-1 cells decreased significantly in both early and late apoptotic cell numbers compared with the pcDNA3.1-transfected group ( Figure  4B ). Similar results were found by the flow cytometry analysis (10.51% ± 2.73% versus 29.01% ± 3.73%, P < 0.01, Figures  4C, D) . And there were no obvious differences in cytokine-induced apoptosis between pcDNA3.1-Reg3α and the negative vector-transfected group (see Figure  4D ). Elevated levels of cleaved caspase-3 were obviously found in cytokine-stimulated INS-1 cells (Figures 5A, D) . However, Reg3α production suppressed the deleterious effect of cytokines obviously (see Figures 5A, D) . Bcl-2 protein levels also were determined. Higher expression levels of Bcl-2 were found in the pcDNA3.1-Reg3α-transfected group in comparison with pcDNA3.1-transfected group under cytokine stimulation (Figures 5A, C) . In addition to the amelioration of β-cell apoptosis, the impact of Reg3α on β-cell proliferation also was studied. It was found that after 24 h treatment with cytokines, the expression levels of PCNA (proliferation cell nuclear antigen) and a key transcriptional activator related to β-cell proliferation called Pdx-1 (pancreatic and duodenal homeobox 1) were reduced, while the p27Kip1 (cyclin-dependent kinase inhibitor 1B) protein levels were obviously increased ( Figures 5B, F-H) . However, Reg3α production in INS-1 cells could observably restore these cytokine-induced detrimental effects (see Figures 5B, F-H) .
Moreover, we detected the expression levels of MafA (v-maf avian musculoaponeurotic fibrosarcoma oncogene homolog A), a key transcriptional activator related to insulin biosynthesis. Reg3α production restored cytokine-induced decreases in MafA expression levels in INS-1 cells (Figures 5B, E) . 
Reg3α Production Suppressed Cytokine-Induced Activation of p38 MAPK and ERK Phosphorylation
To define the probable mechanisms contributing to the protective effect of Reg3α production on cytokine-induced apoptosis and dysfunction, cytokine-activated β-cellspecific mitogen-activated protein kinase (MAPKs) was examined. The p38 mitogenactivated protein kinase (MAPK) and an extracellular signal-regulated kinase (ERK) phosphorylation were increased obviously after cytokine treatment in INS-1 cells (Figure 6 ). However, p38 MAPK phosphorylation was reversed in Reg3α-overexpressed cells under cytokine treatment ( Figures 6A-C) . Meanwhile, Reg3α production also showed inhibitory effects on ERK phosphorylation (Figures 6D-F) . However, Reg3α production seems to have no consistent impact on cytokineactivated c-Jun NH 2 -terminal kinase (JNK) phosphorylation (data not shown). In addition, Reg3α production had no significant effect on MAPKs pathway in the absence of cytokines (see Figure 6 ).
DISCUSSION
As increasingly diverse functions of Reg3α were reported (9-11), we refined the investigation to focus on the expression and localization of Reg3α immunoreactivity in the murine diabetic pancreas (Supplemental Figure 3) . Reg3α previously was considered as expressing in non-β-cells of NOD islets and the acinar epithelium (27) (28) (29) . We further showed that Reg3α expression was restricted mainly to pancreatic α cells of streptozotocin-induced diabetic models, the colocalization of Reg3α and glucagon immunoreactivity was predominant. This report proves Reg3α has a well conserved expression in diabetic islets among different species which could imply a potential role for this protein in impaired islet turnover. Whether Reg3α immunoreactivity represents a precursor endocrine cell remains a focus of our current investigation. Additionally, compared with the low expression level in normal islets, islet Reg3α-immunoreactive cells were upregulated significantly after streptozotocin treatment, indicating its strong induction of islet protection/regeneration in response to stress/damage. Increased expression of Reg3α in diabetic islets may have been a consequence of direct toxicity of hyperglycemia, since Reg3α was identified as a glucose metabolism-related gene in the pancreas for the glucose-dependent preservation of β-cell function (30) .
During the early posttransplant period, islets are susceptible to damage exerted by inflammatory cytokines IL-1β, TNF-α and IFN-γ, which results in the survival and subsequent engraftment of only a fraction of transplanted islets (<30% transplanted cell mass) (1, 31) . Syngeneic islet transplantation in streptozotocininduced diabetic recipient mice, a model representing early host nonspecific immune responses including exposure to inflammatory cytokines (18, 32, 33) , allowed us to focus the effects of Reg3α production on transplant outcome. Local production or pretreatment with trophic factors in islet graft may provide an ideal window to protect against cytokine-mediated dysfunction and subsequent improvement in islet function (18) . In this research, we attempted to abrogate the detrimental effect of inflammatory cytokines by elevating Reg3α production locally in syngeneic islet grafts. It was shown that diabetic mice receiving a marginal islet mass pretransduced by Reg3α vector displayed better glycemic control and glucose-stimulated insulin secretion compared with the control group. The mechanism by which Reg3α may produce this beneficial effect appeared to be related to a decrease in β-cell apoptosis, coupled with an increase in β-cell replication from the morphological analyses of the islet grafts. Furthermore, these findings were in keeping with in vitro studies that showed the deleterious effect of cytokines on islet viability and function was significantly mitigated in cytokine-treated islets with elevated Reg3α production.
We performed nephrectomy of the graftbearing kidney at 30 d after transplantation, which showed in a recurrence of hyperglycemia in different groups. Thus, although Reg3α gene was reported to induce human pancreatic ductal tissue into insulin-producing cells and to improve glycemic control in streptozotocininduced diabetic mice (34) , the better glycemic control in Reg3α overexpressed grafts could be due to the functional islet transplants rather than to β-cell regeneration in the pancreas of streptozotocin-induced diabetic mice. As opposed to the Reg3α group, the control group maintained hyperglycemia along with lower amplitudes of glucose-stimulated insulin release, correlating with reduced intragraft insulin-positive cells. Indeed, Reg3α has been shown to promote the proliferation of different cell types (11, 34, 35) . It would be of interest to determine the potential capability of Reg3α on islet graft revascularization, as the rate and extent of islet revascularization has been considered to determine the fraction of functional implanted islets (18) . However, islet grafts with elevated Reg3α production did not display a significantly higher content of intragraft endothelium than did the control group (Supplemental Figure 4) , which means the beneficial effect of Reg3α on improving islet transplantation is likely due to a combined action of antiapoptosis and pro-proliferation, but not pro-angiogenic activities.
Molecular mechanisms mediating the biological effect of Reg3α seemed varying in different cell types and physiological circumstances (9, 11, 35, 36) . Activation of cytokine-induced MAPKs plays a crucial role in controlling multiple gene regulatory networks, including the expression of pro-and antiapoptotic genes and transcription factors responsible for β-cell differentiation and insulin biosynthesis that fundamentally contribute to β-cell death (37,38). Larsen, et al. found that ERK activation was required for cytokine-induced expression of iNOS (38) which plays an important role in oxidative stress-induced β-cell death. Meanwhile, the execution of cell death was highly related to the activation of MAPKs via triggering of ER stress Figure 6 . Reg3α overexpression suppressed cytokine-induced activation of p38 MAPK and ERK but not JNK phosphorylation. Vector or Reg3α-transfected cells and normal cultured cells were incubated in the presence/absence of the inflammatory cytokine cocktail from 0-120 min. The phosphorylation of p38 and ERK were detected by Western blotting. (A-C) A time course of p38 phosphorylation was indicated by Western blotting and adjusted for total p38 MAPK. The phosphorylated ratio of p38 MAPK adjusted for normal cultured group also was shown in different treated groups. (D-F) A time course of ERK phosphorylation was indicated by Western blotting and adjusted for total ERK. The phosphorylated ratio of ERK adjusted for normal cultured group was also shown. GAPDH was used as a loading control. A representative blot was presented from at least three independent experiments. Values represent the means ± SEM, n = 3. *P < 0.05 indicated significance.
and by the release of mitochondrial death signals (38) . In this research, we found that Reg3α overexpression abrogated cytokine-induced activation of ERK and p38 in INS-1 cells, thereby protecting β-cell viability and function. These data are consistent with earlier findings that pharmacological inhibition of MAPKs could diminish cytokine-induced β-cell apoptosis (37, (39) (40) (41) . Furthermore, Pdx-1 and MafA were already known as conserved transcriptional activators that regulate β-cell survival and insulin gene expression (42, 43) , we proved that Reg3α overexpression upregulated the protein level of both. We also proved that Reg3α production upregulated the expression of antiapoptotic protein Bcl-2 and downregulated the expression of cell death executor caspase-3 in the presence of cytokines. These data are in line with the upregulation of PCNA and p27Kip1, two indicators of cell proliferation and DNA replication (44, 45) , and suggest that Reg3α overexpression influences the fate of β cells undergoing cytokine-induced apoptosis. We also investigated the possible effect of Reg3α overexpression on ROS generation. It was found that Reg3α overexpression could reduce cytokine-induced ROS generation in INS-1 pancreatic β cells (Supplemental Figure 5) , suggesting that not only an antiinflammatory but also an antioxidative mechanism could be involved in the cytoprotective effect of Reg3α on pancreatic β cells. Hence we used mechanistic researches to document the inhibition of inflammatory cytokines' damage and ROS generation via MAPKs pathway in vitro by Reg3α. One intriguing speculation is that Reg3α production might be an intermediator involved in regulating the cytokine-activated signal molecules, partially through inhibit of the downstream kinases that have been implicated in both the p38 MAPK and MAPK-ERK 1/2 signaling pathways, therefore affecting the common final pathway for β-cell failure. However, without cytokineinduced activation of MAPKs, Reg3α production also exerts its effect on β cells under normal conditions. This suggests that Reg3α activates other molecules, bypassing MAPKs, to mediate β-cell proliferation and function. Recent studies have shown that Reg3α activates PI3K-Akt signaling pathway to regulate cell proliferation and/or differentiation (11, 34, 35) . Further study is needed to prove whether other signaling pathways are correlated with Reg3α response to β-cell survival.
As early graft damage was induced by multiple processes (46), we admit that Reg3α could have other effects that potentially contribute to graft survival. Inflammatory cytokines have been verified to upregulate several chemokines in islets, directing lymphocytes and macrophage infiltration toward the site of transplantation. This effect can trigger local inflammation in islet grafts, which exacerbates β-cell damage and leads to a negative clinical outcome (47) . Since previous studies represented an antiinflammatory role of Reg3α in inflammatory bowel disease (IBD) and skin inflammation (11, 48, 49) , studies are needed to address whether Reg3α production led to inhibition of chemokine expression in cultured islets and suppression of local inflammation in islet grafts of diabetic mice. Although the exostosin-like glycosyltransferase 3 (EXTL3) has been strongly suggested to be a receptor of Reg family protein to mediate Reg signaling for islet regeneration and it has been demonstrated that human Reg3α depends on EXTL3 to mitigate skin injury (11, 33, 50) , further investigation is under way to confirm specific receptors on pancreatic β cells, including downstream mediators and other interacting proteins that were poorly explored. Previous reports displayed that pancreatic islet-specific overexpression of Reg3β protein protected mice against streptozotocin-induced diabetes (51) . To refine our investigation, we would like to ask whether transgenic overexpression of Reg3α in islets can stimulate islet cell regeneration and/or shield the islets from experimental damage.
CONCLUSION
In conclusion, our present study is of significance, as we elucidate that Reg3α protein exhibits cytoprotective properties on islet survival and function, contributing to better preservation of functional islet mass and euglycemia in marginal mass islet infusions. Our findings implicate the potential of Reg3α to improve transplant outcomes, thereby reducing the number of donor islets and sustaining long-term function. The identification of Reg3α function provides insights into mechanisms associated with early graft loss, which may ultimately lead to the identification of opportunities to control the local environment of transplanted islets as well as to the achievement of prolonged insulin independence.
